Introduction
Influenza infection is a leading cause of morbidity and mortality worldwide (1, 2) , especially in young children, the elderly, and immune-compromised individuals (3) . Influenza vaccination is often recommended to these target populations as an effective preventative measure, although vaccine responses in these patient populations is relatively poor compared with healthy vaccinees (3, 4) . Since serum antibodies are a correlate of protection for vaccine efficacy in humans (5) , it is clinically important to study vaccine responses in patients who are receiving medication, or who have a disease, that modulates B cell responses.
Rituximab is a B cell-depleting anti-CD20 monoclonal antibody developed to treat B cell lymphoma (6) . It is FDA approved to treat rheumatoid arthritis (RA) and antineutrophil cytoplasmic autoantibody vasculitis (7) . There is increasing off-label use for B cell-mediated autoimmune disorders, such as systemic lupus erythematosus and autoimmune blistering skin diseases (AIBD) (8, 9) . Rituximab targets all B cells, except early precursor pro-B cells and long-lived plasma cells that do not express CD20 (10, 11) . Thus, it has little effect on preexisting serum antibody titers produced by long-lived plasma cells, such as antibodies against childhood vaccines, including tetanus or meningitis (6, 10) , but completely eliminates peripheral B cell memory. Depletion of peripheral B cells typically lasts for 6-9 months, with numbers recovering after 1 year (12) . Despite recovery of total B cell numbers, the repopulated B cell compartment consists largely of naive cells, and total memory B cells (MBCs) remain almost absent in peripheral blood, even 5 years after treatment (13) . It is unknown whether the very small number of MBCs that are detected represent cells that escaped depletion or are newly generated memory cells. It is also unclear if antigen-specific MBCs can avoid depletion in lymphoid organs (14) and/or possibly expand through homeostatic mechanisms, as is the case for T cells (15) .
Rituximab is a therapeutic anti-CD20 monoclonal antibody widely used to treat B cell lymphoma and autoimmune diseases, such as rheumatic arthritis, systemic lupus erythematosus, and autoimmune blistering skin diseases (AIBD). While rituximab fully depletes peripheral blood B cells, it remains unclear whether some preexisting B cell memory to pathogens or vaccines may survive depletion, especially in lymphoid tissues, and if these memory B cells can undergo homeostatic expansion during recovery from depletion. The limited data available on vaccine efficacy in this setting have been derived from rituximab-treated patients receiving concomitant chemotherapy or other potent immunosuppressants. Here, we present an in-depth analysis of seasonal influenza vaccine responses in AIBD patients previously treated with rituximab, who generally did not receive additional therapeutic interventions. We found that, despite a lack of influenza-specific memory B cells in the blood, patients mount robust recall responses to vaccination, comparable to healthy controls, both at a cellular and a serological level. Repertoire analyses of plasmablast responses suggest that they likely derive from a diverse pool of tissue-resident memory cells, refractory to depletion. Overall, these data have important implications for establishing an effective vaccine schedule for AIBD patients and the clinical care of rituximab-treated patients in general and contribute to our basic understanding of maintenance of normal and pathogenic human B cell memory.
AIBD are a group of potentially fatal B cell-mediated autoimmune disorders affecting skin and/or mucous membranes, including pemphigus and pemphigoid (16) (17) (18) . Pemphigus results in severe erosions caused by autoantibodies directed against intercellular proteins in the epidermis called desmogleins-1 and 3 (19, 20) . Pemphigoid causes blistering due to autoantibodies specific for proteins in the basement membrane zone between the epidermis and dermis, including collagen XVII (21, 22) . Historically, AIBD patients have been treated with systemic corticosteroids or adjuvant immunosuppressants (23), but recently, treatment with rituximab has gained popularity (24) (25) (26) (27) (28) (29) . To our knowledge, there are no reports describing vaccine efficacy in rituximab-treated AIBD patients. Previous studies have reported severely impaired immune responses to influenza vaccination in other types of rituximab-treated patients, primarily RA or lymphoma patients (30) (31) (32) (33) (34) . A major caveat to these earlier studies is that patients were treated with concomitant immunosuppressive drugs or chemotherapy, making it difficult to determine the effect of the individual drugs on vaccine responses. In contrast, AIBD patients are often weaned off additional immunosuppressive drugs after rituximab depletion, making it possible to study vaccine responses in rituximab-treated patients that are not currently prescribed additional immunosuppressive therapies. It is also possible that underlying autoimmune disease may differentially affect vaccine responses, with AIBD patients reacting differently compared with RA or lymphoma patients. Thus, it is important to study the effect of rituximab on vaccine responses in the context of various diseases.
Here, we measured influenza vaccine responses in AIBD patients that received rituximab therapy 5-24 months earlier and compared them to a matched cohort of healthy control subjects. Surprisingly, we found that, despite the absence of detectable preexisting influenza-specific MBCs in peripheral blood, patients mounted a robust humoral immune response to the vaccine, of comparable magnitude, quality, and repertoire breadth to that observed in healthy vaccinees. Interestingly, these responses had all the hallmarks of a memory recall response. This suggests that substantial numbers of MBCs can survive rituximab depletion, presumably in lymphoid tissues, and act as a source for protective recall responses. These findings have important implications for the clinical care of AIBD patients and our understanding of MBC homeostasis and its role in autoimmune disease etiology as well as vaccine responses in the context of B cell ablative therapies in humans.
Results
Reconstitution of the B cell compartment in rituximab-treated AIBD patients. We enrolled 23 AIBD patients and 28 healthy controls that received the influenza vaccine during the 2014/15 or 2015/16 influenza season. Recruited patients had received rituximab therapy within the last 24 months (median 11 months), and importantly, at the time of vaccination, the majority were not receiving other immunosuppressive therapies. Healthy controls were demographically matched with those with similar influenza vaccination histories (Table 1) . Numerical reconstitution of the B cell compartment after rituximab treatment typically begins at around 6-9 months, with total B cell numbers returning to a normal range after 1 year (12, 35, 36) ( Figure  1A ). During this time, enrolled patients showed improved clinical symptoms and a general decrease in serum autoantibody titers (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.93222DS1). We focused our study on patients who were within 5-24 months of receiving rituximab therapy, when patients exhibited disease remission and the B cell compartment was numerically reconstituted, either partially or fully ( Figure 1A ). Based on pharmacokinetic data for rituximab (12) , we expect little rituximab to remain in circulation at this point, which would be important for interpretation. Overall, the frequency of peripheral B cells, defined as CD3 -CD19 + lymphocytes ( Figure 1B) , did not significantly differ between patients and healthy controls (4.1% versus 7.2%, respectively; P = 0.16). Additionally, there was no significant difference when comparing total number of B cells between patients and healthy controls. However, there were 7 patients recruited during early numerical reconstitution with B cell frequencies of less than 1% ( Figure 1C ). It was previously reported that a large wave of CD24 hi CD38 hi transitional B cells, recently emigrated from the bone marrow, dominate the B cell compartment during initial reconstitution (36, 37) . Accordingly, the rituximab-treated AIBD patients had a higher frequency of transitional B cells compared with healthy controls (10.3% versus 5%, respectively; P ≤ 0.001), with similar differences observed when comparing absolute counts of transitional B cells ( Figure  1D ). Notably, the patients recruited during early reconstitution, with low total B cell frequencies, were generally the ones with higher frequencies of transitional cells.
Lack of peripheral influenza-specific MBCs in patients previously treated with rituximab. Little information is available on the survival or potential homeostatic recovery of antigen-specific memory cells after B cell depletion in humans (14) . However, it is clear that the overall MBC population remains low for long periods of time after depletion (38) (Figure 2A ). Accordingly, the frequency of CD27 + MBCs of total B cells was significantly lower in patients than in healthy controls (4% versus 25.5%, respectively; P ≤ 0.0001). This was also true when comparing absolute numbers of CD27 + MBCs ( Figure 2B ). We next used an ELIS-POT-based assay to detect stimulated antigen-specific MBCs present in both patients and healthy controls prior to vaccination (39) . Importantly, we could not detect influenza-specific MBCs in almost all of the patients, with only 3 patients showing measurable numbers of influenza-specific MBCs. In contrast, these cells were detectable in all but one of the healthy controls prior to vaccination (median 0.4%), similar to previous reports (40, 41) ( Figure 2C ). It remains unclear if the low number of MBCs in patients represents newly generated memory cells or preexisting memory cells that survived depletion. Overall, although total B cell numbers return to normal over time, rituximab has a profound and long-lasting effect on the MBC compartment in blood.
Potent plasmablast responses after vaccination, despite the lack of circulating influenza-specific MBCs. Previous studies have shown that the magnitude of plasmablast responses correlates with the serological outcome of vaccination and can be used as a predictor of influenza vaccination efficacy (42, 43) . In healthy controls, these responses are primarily class-switched to the IgG isotype, peak about 7 days after vaccination, and are thought to predominantly originate from MBCs (41, 42) . These rapid and potent anamnestic responses are transient in peripheral blood, with some plasmablasts likely taking up residence in survival niches within the bone marrow (44) or possibly other lymphoid organs. Surprisingly, we found that, despite the lack of detectable influenza-specific MBCs in peripheral blood, patients mounted potent plasmablast responses after vaccination of comparable magnitude and kinetics to those observed in healthy controls. This was shown by flow cytometric analysis, which measured plasmablast frequency ( Figure 3A ), as well as ELISPOT assay, which measured influenza-specific antibody-secreting cells (ASCs) ( Figure 3B ). The average numbers of influenza-specific ASCs per million peripheral blood mononuclear cells (PBMCs) at day 7 was similar between healthy controls and patients comparing IgG (820 versus 730, respectively), IgA (330 versus 240, respectively), and IgM (83 versus 22, respectively) The median frequency and total number of MBCs were significantly lower in patients than in healthy controls. (C) Antigen-specific MBCs were stimulated in vitro and detected using an ELISPOT-based assay, as previously described (39, 41) . The median frequency of influenza-specific IgG + MBCs was significantly lower in patients than in healthy controls prior to vaccination. Mann-Whitney U test was used to analyze data. ****P ≤ 0.0001. Black circles represent data from the 2014/15 influenza season; red circles represent data from the 2015/16 influenza season.
isotypes. These responses were clearly dominated by class-switched antibodies in both healthy controls and patients, suggesting that these responses were of memory origin ( Figure 3C ). Interestingly, patients who had received multiple rituximab treatments in the past did have a significantly smaller IgG and IgA plasmablast response compared with patients who had only received a single cycle of rituximab, with one patient who had previously received 2 rounds of rituximab treatment failing to produce any detectable plasmablast response. While there was no significant difference when comparing IgM responses, we believe this is likely due to low IgM plasmablast responses in both patient cohorts ( Figure 3D ). This suggests that multiple rounds of rituximab may increase the level of depletion of MBCs in patients.
The magnitude of the plasmablast response does not seem to depend on the amount of time after receiving rituximab (Supplemental Figure 2A ). Additionally, there was no difference in the magnitude of the plasmablast response when comparing patients who were not receiving additional immunosuppressants at time of vaccination and those who were (Supplemental Figure 2B ), although this may be due to the low dose of immunosuppressants typically prescribed to AIBD patients. Finally, different types of AIBD (Supplemental Figure 2C ) and relapse within 2 years of vaccination (Supplemental Figure 2D ) did not have a significant effect on the plasmablast response. From these data, we conclude that, after peripheral B cell reconstitution has begun, patients can mount a robust plasmablast response, likely originating from memory cells, despite low or undetectable numbers of MBCs in peripheral blood.
Protective serum antibody responses to vaccination in patients and healthy controls. In addition to comparable plasmablast responses, both patients and healthy controls mounted robust serological responses to the vaccine. After vaccination during the 2014/15 influenza season, hemagglutination inhibition (HAI) geometric mean titers (GMT) increased significantly (P ≤ 0.05) against the H1 strain for both patients (GMT 22-61) and healthy controls (GMT 31-145) as well as the H3 strain for patients (GMT 31-123) and healthy controls (GMT 119-215). Similar results were observed in vaccinees enrolled during the 2015/16 influenza season, with GMTs increasing in the H1 strain in patients (GMT 14-46) and healthy controls (GMT 26-98) as well as in the H3 strain in patients (GMT 12-40) and healthy controls (GMT 11-44) ( Figure 4A ). Additionally, the frequency of seroprotection in patients and healthy controls after vaccination was comparable, suggesting that vaccination provided similar protective immunity in both cohorts (Supplemental Figure 3A) .
Microneutralization (MN) assays showed similar results. During the 2014/15 influenza seasons, significant increases in MN GMT (P < 0.05) were observed against the H1 strain in patients (GMT 16-40) and healthy controls (GMT 34-125) as well as for the H3 strain in patients (GMT 29-136) and healthy controls (GMT 226-371). These increases were also observed during the 2015/16 influenza seasons against the H1 strain in patients (GMT 64-905) and healthy controls (GMT 290-6,890) as well as for the H3 strain in patients (GMT 86-260) and healthy controls (GMT 38-138) ( Figure 4B ). The frequency of seroprotection, as determined by MN assay, was comparable between patients and healthy controls, which confirmed the robustness of the vaccine responses in both cohorts (Supplemental Figure 3B) . Overall, these serological analyses demonstrated that both the quantity and quality of the vaccine-induced immune response were similar for healthy controls and patients.
Rituximab does not impair the generation of antigen-specific MBCs. To evaluate if previous rituximab treatment had any effect on the generation of new MBCs, we determined the frequency of influenza-specific MBCs after vaccination. To this end, we used a 6-day polyclonal in vitro stimulation of PBMCs, causing MBCs to differentiate into ASCs. This was followed by ELISPOT measures of both total and influenza-specific IgG-secreting cells, with responses reported as the frequency of antigen specificity per total IgG-secreting cells (39) ( Figure 5A ).
As mentioned previously ( Figure 2C ), only 3 patients had detectable influenza-specific MBCs prior to vaccination, whereas these cells were present in 23 of 24 healthy controls before vaccination. This shows that rituximab efficiently depletes peripheral antigen-specific MBCs. Strikingly, we observed a robust increase in the frequency of influenza-specific IgG + MBCs from day 0 to day 28 after vaccination in both healthy controls (0.4%-1.8%, P ≤ 0.001) and patients (0.0%-4.2%, P ≤ 0.001) alike, such that a difference in the frequency at day 28 between healthy controls and patients was no longer observed ( Figure 5B ). This suggests that the generation of new peripheral MBCs is not impaired in these patients. Further studies on the longevity of these cells will elucidate if previous rituximab therapy has any effect on the long-term maintenance of these newly generated memory cells.
We were unable to obtain data for 10 of the patients using our standard MBC assay. Although total MBCs were detectable by flow cytometry, B cells failed to expand in vitro, presumably due to the low frequency of memory cells in the PBMC preparation (Supplemental Figure 4A ). To recover some of these data points, we evaluated an alternative polyclonal stimulation method, using R848 and huIL-2 (45) . This approach provided almost identical data compared with the classical method at high levels of MBCs but was much more efficient in stimulating samples with low frequencies of MBCs (Supplemental Figure 4 , B and C). We were able to obtain antigen-specific MBC frequencies from an additional 6 patients using this optimized methodology. Data from these patients confirmed the findings shown in Figure 5B . All but one patient had undetectable influenza-specific MBCs prior to vaccination, with robust increases in antigen-specific memory cells from day 0 to day 28 after vaccination in all patients (median 0.0%-1.0%). In contrast, all healthy controls retested with the alternative mitogen cocktail had detectable influenza-specific MBCs prior to vaccination (median 0.23%) that expanded after vaccination (median 2.2%) (Supplemental Figure 4D ). Overall, these results show that, although rituximab successfully depletes MBCs in the periphery, patients can still develop new peripheral antigen-specific MBCs in response to an antigenic challenge.
Repertoire of vaccine-induced plasmablasts is similar between patients and healthy controls.
To determine if the plasmablast responses derived from an expansion of a small number of precursor MBCs or a more diverse pool of memory cells, we analyzed the antibody repertoire breadth of plasmablasts from a subset of patients and healthy controls. Using previously published primer sets (46, 47) , we amplified the V H gene from single cell-sorted plasmablasts using multiplex PCR and analyzed the sequences of class-switched heavy chains. Overall, we analyzed 172 sequences from 5 healthy controls and 286 sequences from 8 patients, with a range of 22-46 sequences per vaccinee (Supplemental Table 1 ). Comparing patients and healthy controls, we observed no difference between the average number of somatic hypermutations observed in the V H gene (21 to 20, respectively; P = 0.49). The high level of mutation further confirms the memory origin of the plasmablast response in both cohorts ( Figure 6A ). Additionally, Figure 5 . Previous rituximab depletion has no effect on the generation of new influenza-specific memory B cells. The frequency of influenza-vaccine specific MBCs was measured at baseline and day 28 after vaccination. (A) Representative memory B cell assay. PBMCs were stimulated with a mitogen cocktail, and the frequency of antigen-specific IgG + MBCs of total IgG + MBCs was determined by ELISPOT. (B) The frequency of influenza-specific IgG + MBCs at day 0 and day 28 after vaccination. Only vaccinees that responded to the polyclonal stimulation were included. One-way ANOVA was used to analyze data. *P ≤ 0.05; ***P ≤ 0.001. Black circles represent data from the 2014/15 influenza season; red circles represent data from the 2015/16 influenza season. there was no difference between patients and healthy controls when measuring the average CDR3 length (16.4 aa and 15.6 aa, respectively; P = 0.22) ( Figure 6B ) as well as the average frequency of clonal expansions (23.4% and 22.6%, respectively; P = 0.93) ( Figure 6C ). Neither the number of unique clonal families nor the number of variants per family were significantly different between patients and healthy controls, further confirming that there was no difference in the repertoire breadth of plasmablast responses between the two cohorts (data not shown). Since the plasmablast responses were not clonally restricted in patients but as diverse as those observed in healthy controls, we conclude that this likely means that the plasmablast response originated from a diverse pool of MBCs rather than from the small number of MBCs present in peripheral blood. This suggests that tissue-resident MBCs are able to survive rituximab-mediated depletion, likely in lymphoid organs (14) , despite circulating memory cells being fully depleted.
Because pemphigus has been associated with a bias toward serum IgG1 and IgG4 (48), we characterized the isotype usage in the plasmablast responses. Overall, there was a similar distribution of isotypes comparing patients and healthy controls, with no IgG4 detected in either cohort ( Figure 6D ). Although the distribution of V H gene was similar between healthy controls and patients ( Figure 6E ), patients had a bias of V H 1 gene usage in clonally expanded populations that was not observed in healthy controls ( Figure 6F) . Overall, sequence analysis shows that plasmablasts likely originate from a diverse pool of memory cells in both patients and healthy controls and suggests that there is little effect of rituximab or autoimmune disease on the quality and repertoire of the plasmablast response.
Discussion
In this study, we observed robust influenza vaccine responses in rituximab-treated AIBD patients, comparable to those mounted in healthy controls. To our knowledge, this is the first study to assess these responses in rituximab-treated AIBD patients. AIBD patients are typically given rituximab with a tapering course of low-dose systemic corticosteroids, which gives us an opportunity to study vaccine responses in patients that received B cell ablative therapy but are not taking additional immunosuppressants at the time of vaccination. This is different from other rituximab-treated patient populations, who are typically prescribed immunosuppressants or chemotherapy both during and after rituximab treatment. Additionally, underlying autoimmune disease may differentially effect vaccine responses after rituximab treatment. For example, AIBD has well-defined antigenic targets confined to the skin, which is different from the complexity of other systemic B cell-mediated diseases, such as RA (49) or lymphoma (50) . These differences may explain the robust vaccine responses observed in this study, which differ from previous reports that have suggested that rituximab impairs influenza vaccine responses (30-34). The majority of patients enrolled in this study had a repopulated B cell compartment, with normal total B cell numbers in peripheral blood. However, patients had significantly fewer peripheral MBCs than healthy controls. Moreover, while almost all healthy controls had influenza-specific MBCs prior to vaccination, these cells were undetectable in all but 3 of the rituximab-treated patients. Because these 3 patients had not been vaccinated within the last 3 years, it is likely that these cells are a result of a recent infection or MBCs that survived depletion. Surprisingly, despite the impaired memory compartment, patients retained their ability to mount a recall response to the influenza vaccine. This was evident by potent plasmablast responses of comparable magnitude, kinetics, and immunoglobulin isotype to those observed in healthy controls as well as normal expansion of influenza-specific MBCs after vaccination. Additionally, patients mounted serological responses similar in magnitude and quality to healthy controls. Importantly, the patients that had received multiple cycles of rituximab displayed reduced responses (Figure 3) , suggesting that multiple cycles might provide a more complete depletion of MBCs in tissues. One patient failed to mount a plasmablast response altogether, despite having a normal number of peripheral B cells at 16 months after rituximab and not taking any additional immunosuppressants. Interestingly, this patient had previously received 2 previous rounds of rituximab. This finding is supported by a previous study in which patients who had previously received maintenance rituximab monotherapy to treat neuromyelitis optica appeared to have blunted vaccine responses (32) , suggesting that repeat dosages or rituximab may be associated with poor influenza vaccine efficacy. It is possible that the repeat treatments caused a more complete depletion, specifically in lymphoid tissues, which could explain the lack of plasmablast response. Additional studies of the effect of multiple depletions on tissue-resident MBCs and subsequent vaccine responses may be warranted in order to better optimize rituximab dosages and schedules for patients and to further determine the optimal therapy to treat autoimmune disorders.
Repertoire analysis of plasmablast responses in both patients and healthy controls revealed highly mutated immunoglobulin sequences, further confirming the memory origins of these responses. Additionally, patients and healthy controls had similar frequencies of clonal expansions in their plasmablast responses, which suggests that these cells originated from a diverse pool of memory cells, rather than from a rapid expansion of the small number of peripheral blood MBCs. Based on a previous observation in splenectomized immune thrombocytopenia patients that revealed the presence of persisting antigen-specific MBCs in the spleen (14, 51) , we believe it is likely that this diverse pool of cells survives in tissues. Additionally, a recent study showed that tissue-resident MBCs in a mouse model are enriched for broadly neutralizing influenza-specific antibodies compared with those in circulation (52) . If influenza vaccine responses in patients are originating from a diverse pool of tissue-resident MBCs, this mouse study could potentially explain how patients are able to mount a protective response to vaccination despite the low number of MBCs.
Despite previous observations that both autoimmune disease pathogenesis (48, 53) and rituximab therapy (54) may effect the overall immunoglobulin diversity, we observed no unique mutation frequency, CDR3 length, or isotype frequency in the plasmablast population of AIBD patients compared with healthy controls. Although there was no difference in overall V H gene usage between patients and healthy controls, patients did have a bias in V H 1 gene usage in clonal expansions. This may be an interesting finding considering recent reports that have observed a bias of V H 1-69 gene usage in broadly neutralizing antibodies (55) as well as a potential role for V H 1-46 gene usage in pemphigus pathogenesis (56) . Future experiments with monoclonal antibodies selected from these clonal expansions may reveal subtle differences in the quality of antibody responses comparing healthy controls and rituximab-treated AIBD patients.
Previous observations have suggested that some B cells survive depletion after rituximab therapy within secondary lymphoid organs (38, (57) (58) (59) (60) (61) (62) . However, there are very few studies of this in humans, and it is often difficult to interpret the data from these studies due to low sample numbers and patient-to-patient variability. To our knowledge, there is only one report of human antigen-specific MBCs surviving in the spleen after rituximab depletion (14) . Several mechanisms underlying the persistence of B cells in tissues have been proposed, including resistance of activated B cells to rituximab-mediated depletion (61, 63) , effect of Fc glycosylation on rituximab and its resulting interaction with Fc receptors on accessory cells (64) , the inflammatory or cytokine milieu allowing for B cells to survive (65, 66) , or possibly the inability of rituximab to fully access tissues to deplete B cells (67) . It is also possible that CD20 expression is downregulated in B cells residing in tissues. Although a large number of studies have shown that MBCs in the spleen (65), bone marrow (62), human blood, and lymph node (68) general coexpress CD19 and CD20 at high levels, we cannot out rule the possibility that a small number of MBCs downregulate CD20, similar to plasma cells (11) . It is also possible that a combination of several of the proposed mechanisms work in concert to effect B cell depletion in tissues. Consistent with these findings, our data suggest that tissue-resident MBCs survive rituximab-mediated depletion and maintain the ability to initiate recall responses upon antigenic challenge. While this may be beneficial for vaccine responses, it is possible that surviving MBCs may also paradoxically act as a source for pathogenic responses, causing relapse in autoimmune disease. In fact, previous reports have detected persisting clones of autoimmune MBCs after rituximab treatment, both in pemphigus and anti-MAG neuropathy (54, 69) . Given that almost all diseases currently treated with rituximab depletion have a tendency to relapse, including other autoimmune diseases, such as RA and systemic lupus erythematosus, as well as B cell lymphomas, it is critically important to understand how tissue-resident MBCs survive depletion and their role in both protective and pathogenic recall responses. These findings indicate that future analyses of immunological memory and the development of new generations of antibody-based B cell depletion strategies should focus on ways to optimize the depletion of MBCs in tissues as a way to minimize relapsing disease. These new strategies may include improving the current rituximab therapy by modulating its Fc domain to improve its effector function (70) or the use of CD19 as a target for depletion of B cells (71) .
Overall, these data show that, although the patients lacked preexisting antigen-specific MBCs in circulation prior to vaccination, they were uniformly able to respond to vaccination, with a response of similar magnitude, quality, and repertoire breadth as that found in healthy controls. This suggests that a substantial pool of noncirculating MBCs remains present in lymphoid tissues after depletion and can serve to seed these responses. These findings have important implications for vaccination strategies for AIBD patients and other rituximab-treated patients and contribute to our understanding of MBC homeostasis and survival. Flow cytometry analysis and single-cell sorting. Immunophenotyping of circulating B cell subpopulations was performed on fresh whole blood stained with the following mAbs, appropriately titrated, followed by lysis of erythrocytes (BD FACS lysis solution): CD19-FITC (BD, clone HIB19), CD24-PerCPCy5.5 (Biolegend, clone ML5), CD3-PacificBlue (BD, clone SP34-2), CD38-PE (BD, clone HIT2), CD20-PECy7 (BD, L27), IgD-PECy7 (Biolegend, clone IA6-2), and CD27-APC (eBiosciences, clone O323). 100,000 events were acquired on a BD FACSCantoII flow cytometer and analyzed using FlowJo software. Plasmablasts were single-cell sorted into 96-well PCR plates containing hypotonic catch buffer with RNase inhibitor (Promega) using a FACSAriaII and were frozen immediately on dry ice, as previously described (41) . Additional plasmablasts were bulk sorted into RPMI supplemented with penicillin/streptomycin, L-glutamine, and 10% FBS (R10).
Methods
Total B cell counts. Total lymphocyte counts for patients enrolled in 2014/15 were determined by complete blood counts routinely performed during patient visits to the clinic. Total lymphocyte counts for 2014/15 healthy controls were estimated using the average number of peripheral lymphocytes, as reported by the Mayo Clinic (72) . TruCount tubes (BD) were used during the 2015/16 influenza season to count B cells. 50 μl of blood was added to TruCount tubes and incubated for 20 minutes with CD45-PE (Biolegend, clone HI30) and CD3-Pacific Blue (BD). 450 μl of FACs lysis solution (BD) was added, and the mixture was incubated for 20 minutes before the sample was run on a BD FACSCantoII and analyzed using FlowJo software.
ELISPOT assay. ELISPOT was performed to enumerate influenza-specific plasmablasts present in both PBMC samples and bulk-sorted plasmablasts. 96-well ELISPOT assay filter plates (Millipore) were coated overnight with either influenza vaccine (1:20, Novartis) or polyvalent goat anti-human Ig (10 μg/ml, Jackson ImmunoResearch) in PBS. Plates were washed and blocked by incubation with R10 at 37°C for 2 hours. Freshly isolated PBMCs were added to the plates in a dilution series starting at 5 × 10 5 cells and incubated overnight at 37°C. Plates were washed with PBS, followed by PBS/0.05% Tween and then incubated with biotinylated anti-human IgG, IgA, or IgM antibody (Invitrogen) at room temperature for 90 minutes. After washing, plates were incubated with avidin D-horseradish peroxidase conjugate (Vector laboratories) and developed using 3-amino-9-ethyl-carbazole substrate (Sigma-Aldrich). Plates were scanned and analyzed using an automated ELISPOT counter (CTL, Cellular Technologies).
MBC assay. Antigen-specific MBCs were detected essentially as previously described (39) . In brief, PBMCs were cultured at 1 × 10 6 cells per ml of R10 supplemented with 50 μM β-mercaptoethanol (Sigma-Aldrich) and polyclonally stimulated with pokeweed mitogen extract (1 μg/ml, Sigma-Aldrich), phosphothiolated CpG ODN-2006 (6 μg/ml, Invivogen), and Staphylococcus aureus Cowan (1:10,000, Sigma-Aldrich) for 6 days. After in vitro stimulation, total and influenza-specific IgG-secreting cells were quantified by ELISPOT assay, as described above.
HAI assay. HAI assay was performed as per World Health Organization criteria (73) . Briefly, plasma samples were treated with receptor-destroying enzyme (Denka Seiken) and heat inactivated. Samples were serially diluted in PBS in a 96-well v-bottom plate with 8 HAU of live, egg-grown virus added to the well. Viruses were provided by A. Ellebedy (Emory University, Atlanta, Georgia, USA), A. Lowen (Emory University), and S. Gangappa (CDC, Atlanta, Georgia, USA). After a 30-minute incubation at room temperature, 50 l of 0.5% turkey RBCs (Lampire) suspended in PBS was added to each well. After a 30-minute incubation at room temperature, HAI titers were determined based on the final dilution for which agglutination inhibition was observed.
MN assay. MN assays were performed as previously described by the World Health Organization (74) . Briefly, plasma was heat-inactivated and serially diluted in DMEM with 10% BSA, 2% HEPES, and penicillin/streptomycin. Virus diluted at ×100 TCID50 per 50 μl, as determined by the Reed-Muench method, was added, and the mixture was incubated at 37°C for 1 hour. MDCK cells (ATCC), diluted at 1.5 × 10 5 cells/ml, were added to the plate and incubated for another 20 hours at 37°C. The plate was washed with PBS and fixed with cold 80% acetone in PBS. Plates were washed with PBS/Tween20 and incubated with anti-influenza NP monoclonal antibody (Millipore) and diluted 1:1,000 in 5% milk for 1 hour at room temperature. After washing, HRP-conjugated goat anti-mouse IgG (Kirkegaard and Perry Laboratories) diluted at 1:2,000 in milk was added and incubated for another hour at room temperature. After the wash, plates were developed for 8 to 12 minutes using OPD tablets (Sigma-Aldrich P8787) diluted in citrate buffer (Sigma-Aldrich P4560). Absorbance readings were measured at OD490 on a microplate reader. MN titers were reported as the serum dilution corresponding to 50% neutralization.
Repertoire analysis. Identification of antibody variable region genes was performed essentially as previously described (41, 46) . In brief, single-cell cDNA was synthesized from sorted plasmablasts using random hexamers (Sensiscript, Qiagen). Ig heavy chain rearrangements were then amplified by nested PCR (HotStarTaq Plus Master Mix, Qiagen) using primer cocktails specific for all V gene families and constant domains at a concentration of 200 nM per primer (46) . Sense primers used in the second round of nested PCR were modified by fusing the 5′ end of each primer to the M13R sequence (5′-AACAGCTATGAC-CATG-3′) to facilitate subsequent sequencing. V, D, and J genes were identified and analyzed using the ImMunoGeneTics (IMGT) database as a reference. Somatic hypermutation levels in the V H genes represent the number of mutations in the amplicon (FR1 through CDR3) relative to the closest germline sequence matched in the IMGT database. Clonal expansions were determined by sequence alignments of rearrangements with matching V and J gene usage, where cells with identical junctional diversity were grouped as part of the same clonal expansion.
Statistics. Data were collected and graphed using GraphPad Prism software. A Mann-Whitney U test, Wilcoxon matched-pairs test, or 1-way ANOVA Kruskal-Wallis test was used to determine statistical significance where appropriate. Seroprotection was analyzed using a Fisher exact test. P values of less than 0.05 (2 sided) were considered statistically significant.
Study approval. Patient volunteers were informed of the study during routine clinical visits at the Department of Dermatology and enrolled based on interest in receiving seasonal influenza vaccination during the 2014/15 or 2015/16 influenza seasons. Patient inclusion criteria included age ≥18 years old and treatment with rituximab for AIBD within the last 24 months. Demographically matched healthy volunteers were recruited from staff and students receiving the influenza vaccination at Emory University. Written informed consent was obtained from all participants. Exclusion criteria included prior vaccination within the current season as well as any condition that, in the opinion of the investigator, would place the subject at risk of injury from participation. This study was approved by the Emory Institutional Review Board (IRB 00069980).
Note added in proof. On March 23, 2017, rituximab treatment for AIBD was formally approved by the FDA.
